A theoretical analysis of the temperature sensitivity of a multimode biconical fiber coupler as well as that of a multimode uniform fiber coupler has been given. The results show that a biconical coupler has some advantages over an ordinary fiber coupler as a temperature sensor or as a temperature-independent coupler.
Introduction
An optical fiber can be used to measure temperature variations in a number of ways. There are interferometric temperature sensors, 1 2 intensity-based temperature sensors, 3 -6 and polarization-based temperature sensors. 7 -9 In the interferometric category, a single-mode coupler used as a temperature sensor has been reported.' 0 It has been shown that the crosstalk could be made a sensitive, predictable function of temperature. Or conversely, by a proper selection of materials and fiber geometry, a coupler could be made essentially temperature independent.
In this paper we give a theoretical analysis of the temperature sensitivity of a multimode biconical fiber coupler as well as that of a multimode uniform fiber coupler.
II. Theory

A. Coupling of a Biconical Fiber Coupler
In Ref. 11 we have analyzed the coupling process of a biconical fiber coupler by using a quasi-ray method. We summarize the final results as follows. Figure 1 shows a schematic diagram of a multimode biconical taper coupler with half-taper angle Q, made by fusing two step-index fibers together. The power Pi enters the device via port 1 and exists via ports 2 and 3, with powers P 2 and P 3 , respectively. Port 2 is the continuation of the initial fiber, and port 3 is the tap port.
We define the coupling efficiency (CE) as C = P3/P1, and the coupling ratio (CR) as
If there are no losses, i.e., P 2 + P 3 = P1, then C = R; otherwise, C < R.
Let be the initial axial angle, that is, the angle between the incident ray and the fiber axis. Let y be the azimuthal angle, which is the angle between the projection of the ray in a cross-sectional plane perpendicular to the axis, and the radius of the cross section at the point of reflection, as shown in Fig. 2 .
If we set
where ni, n 2 , and no are the refractive indices of the core, cladding, and air, respectively, the total flux inside a uniform fiber is given by 6) where t and t are the Fresnel transmittances across the boundaries no/n, and ni/no, respectively; a(O) is the reflection coefficient for internal reflection; is the absorption coefficient; m is the number of reflections made by the ray; L is the total path length of the ray; r After normalizing, we can rewrite the above equation
Similarly, we set The light that enters the taper through plane of the downtaper is
The light that remains inside the core passed through the taper is
( 18) r is the radius of the fiber; t is the thickness of the cladding separating the two coupled cores in the fusion section, and k is the wave number of the light. The formula for skew rays iii,13
where
(10)
the entrance (13) after having (14) The light that has not left the fiber through the aircladding interface after having passed through the taper is
In Ref. 11 we introduced two formulas to determine the amount of coupling between two identical multimode uniform fibers for meridional rays and skew rays, respectively. The former i11,i2 (20) A is the relative refractive-index difference
N is the total number of modes in the fiber
The coupling between two identical single-mode uniform fibers is's nsg = sin2(p); 0 is the beat phase given by
where Zb is the beat length.
Combining the two theories above, we can get the CE (C) and the CR (R) of a multimode biconical taper coupler.
Case A:
In this case, there are no rays which leave the fiber and radiate away:
where z is the coupling length, and
In this case, there are some rays which leave the fiber:
(29)
B. Temperature Sensitivity of a Biconical Coupler
A change in temperature will cause a change in the dimensions of the fiber and in the refractive indices of the cladding and the core. In general, both the thermal coefficient of linear expansion and the thermal coefficient of refractive-index variation will be different for the cladding and the core. However, to simplify the present discussion, we shall assume that the expansion coefficients are alike. In addition, the effects of fiber diameter variation on the propagating modes are also neglected.
A multiply cladded or jacketed twin-core fiber coupler will have a different thermal response from that of a bare fiber coupler. A second cladding with a large loss is expected to increase the sensitivity of the sensor. We shall consider this in the future.
In this paper we use meridional ray approximation to analyze the temperature sensitivity of a biconical coupler. The reasons are (1) it is simple; (2) the difference of the coupling of a biconical coupler between skew rays and meridional rays is very small; and (3) In Eqs. (30)-(32) we can substitute q by Alm or ?lsg depending on whether the fusion section is a multimode or a single-mode coupler. However, we have found that the power of guiding modes is so small in comparison with that of cladding modes that in some cases the former could be neglected.
C. Simple Case
Let us compare the powers P' and P". From Eqs.
(14) and (15) we obtain p,
In case B we have
where dP 1 n2
dT n, 4 - 
we have
So Eq. (41) becomes p ni2-n 2 P" n2 -no
where the formula (1 -x)1/ 2 1 -1/ 2 x(x << 1) has been (34) used.
-2
For weakly guiding fiber, n 1 -n 2 «< ni no, we get dP" K2 no = .
_ .
dT cosOm' nl
The thermooptic coefficient t is given by P P __ <-«1<<.
This means that the power of guiding modes Pgu (= P') is so small in comparison with that of cladding modes PcI (= P" -P') that the former could even be neglected. This is shown in Fig. 3 .
As an example, when ni = 1.69020, n 2 = 1.68777, no = 1.0, and T = .0 0 C, P'/P" 0.004 << 1. So we can simplify Eqs. (26), (28), and (29) as
Equations (46)- (48) yield
Equations (45)- (50) are our principal analytical results. They provide simple formulas that can be used to select materials and geometric parameters for the design of a weakly guiding multimode biconical fiber coupler.
Ill. Results
From Eqs. (45)- (50), we can obtain some important results for the weakly guiding biconical coupler when r 2 << r. First, the coupling ratio is independent of the temperature in both cases A and B. The coupling efficiency is independent of the temperature in case A but sensitive to the temperature in case B. Equations (49) and (50) show that, for a weakly guiding fiber coupler, ni -n 2 << 1, so the change of CE with temperature can be very large. We call area A the temperature-insensitive area, and area B the temperature-sensitive area. Next, because the power of the core modes is very small compared with that of the cladding modes, both the CE and CR of a biconical coupler are not sensitive to changes in the fusion length or in the ratio t/r 2 . Finally, when ( = , Eq. (50) shows that the change of CE with temperature has a linear dependence on the thermooptical coefficient t. For illustration, we choose a pair of glasses. In this case we have to consider the glass transition temperatures and the coefficients of expansion a as well. In our case, we choose Lak9 and LakN13 as the pair of glasses. The data are given in Table I . For a, we take the average of the two values, namely, a = 85 X 10-7 for both glasses.
We introduce an important temperature parameter, Tc, defined by
At Tc, the relation n2l-n2
is satisfied. Here nio and n 20 are, respectively, the values of ni and n 2 when T = 0C. T > Tc corresponds to case A discussed in the previous section; T < Tc corresponds to case B. Figure 4 shows the change of Tc vs K, which is given by Eq. (25). The CE is very sensitive to the temperature. However, in area A when
The CE is independent of temperature. Figure 6 shows the CE (= CR) of an ordinary multimode coupler as a function of temperature. It can be seen that the CE of an ordinary multimode coupler is not so sensitive as that of a biconical coupler. Besides, the CE of a biconical coupler in the sensitive area is a monotone increasing function. This is an advantage of a biconical coupler over an ordinary parallel fiber coupler as a temperature sensor. A comparison of the variation of the coupling efficiency vs temperature between a multimode biconical coupler and an ordinary multimode parallel fiber coupler is shown in Fig.   7 .
IV. Conclusion
We could say that, in principle, it is possible to design optical fiber temperature sensors as well as temperature-independent couplers with a wide range of characteristics by controlling the geometry of the fiber, together with a proper choice of the material parameters, including the refractive indices, and their temperature coefficients. 
